Two transferable physical parameters are incorporated into the Su-Schrieffer-Heeger Hamiltonian to model conducting polymers beyond polyacetylene: the parameter γ scales the electron-phonon coupling strength in aromatic rings and the other parameter ε specifies the heterogeneous core charges. This generic Hamiltonian predicts the fundamental band gaps of polythiophene, polypyrrole, polyfuran, poly-(p-phenylene), poly-(p-phenylene vinylene), and polyacenes, and their oligomers of all lengths, with an accuracy exceeding time-dependent density functional theory. Its computational costs for moderate-length polymer chains are more than eight orders of magnitude lower than first-principles approaches.
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Intrinsically conducting polymers have continued to receive attention for their wide range of applications in optoelectronics [1, 2] and other electronic devices [3] [4] [5] [6] . The characteristics of conducting polymers that distinguish them from inorganic semiconductors arise from the optical phonon coupled self-localized electrons (and holes) known as solitons, polarons, and bipolarons [7] . The theoretical study of these collective excitations necessitates accurate and computationally tractable models, but, among the most successful descriptions of solids, first-principles density functional theory (DFT) [8] fails to describe these self-localized defects [9, 10] and time-dependent DFT (TDDFT) does not perform significantly better [9] . On the other hand, the ab initio Hartree-Fock (HF) method overestimates self-localizations, and various post-HF correlation methods are limited by their high computational costs. These performance deficiencies leave room for simple quasi-particle model Hamiltonians which, with insightful choices of a few crucial physical parameters, can accurately describe the electronic structures of interest with relatively low computational requirements.
One such model, for trans-polyacetylene (t-PA), is the Su-Schrieffer-Heeger (SSH) Hamiltonian. Containing only one single dimensionless electron-phonon coupling parame- 1 Co-first author.
ter λ in its weak-coupling limit [11, 12] , the SSH Hamiltonian, aided by its derivative Hubbard models for electron correlations, has explained a variety of localization phenomena such as the Peierls instability [13] [14] [15] , Goldstone and amplitude oscillation modes [16, 17] , dynamic breathers [18] , multiple self-localized states [19] , and others [7] . Nevertheless, lacking the flexibility to address materials-specific properties of other more stable conducting polymers that are commonly used in practical device applications, the SSH Hamiltonian has been gradually fading out since its heyday in the mid-1980s [7] . A recent work by Li and Lin [20] witnessed a revival of this obsoleting Hamiltonian. With two extra parameters, γ to scale the electron-phonon coupling strength in aromatic rings and ε to balance the ionic core charges on heterogeneous sites, the adapted SSH Hamiltonian (aSSH) can accurately produce the band gaps, bond length alternation amplitudes, quasi-particle energies and wavefunctions, order parameters, discretized phonons around non-linear polarons, and infrared and Raman spectra of neutral and p-doped polypyrrole (PPy). In this work, we would like to unambiguously demonstrate that the success of such a Hamiltonian for PPy was not accidental. Indeed, the two new parameters {γ , ε} precisely account for the essential difference between t-PA and other conducting polymers, such as PPy, polythiophene (PTh), polyfuran (PFu), poly-(p-phenylene) (PPP), Figure 1 . Conducting polymers that consist of repeating five-membered heterogeneous (a) and six-membered homogeneous (b) aromatic rings and polyacenes (c). (a) PPy, PFu, and PTh may be viewed as a linear PA chain with the periodic side group X, where X = NH for PPy, X = O for PFu, and X = S for PTh. While the linear PA chain may be modeled using the original SSH Hamiltonian, the side groups require a scaled electron-phonon coupling strength (γ ) to close aromatic rings and an electrostatic core potential (ε). The α-C and β-C represent the carbon sites directly and indirectly connected to the heteroatoms X, respectively. Note that chemically both O in PFu and S in PTh contain the notorious electron lone pair but NH in PPy does not. (b) While the linear chain sections are modeled using the original SSH Hamiltonian, aromatic rings require a scaled electron-phonon coupling strength (γ ). PPP has m= 0 and PPV has m = 1. (c) Strictly speaking, polyacenes are not conducting polymers whose ground states are subject to the Peierls distortion, but rather the narrowest zigzag graphene nanoribbon. As shown below, polyacenes inherit the aSSH parameter γ value from PPP.
poly-(p-phenylene vinylene) (PPV), and even polyacenes and graphene nanoribbons. Other common π -conjugated systems such as polyaniline, porphyrin, and DNA base pairs which require multiple heterogeneous valence states will be discussed separately [21] .
The aSSH [20] may be written as
where M i and r i are the mass and position vector of the ith atomic site; b ij = |r i − r j | is the bond length between the ith and jth atomic sites; the bond length references b 0 ij are dummy variables; the spring constant K = 21 eVÅ −2 ; the reference hopping integral t 0 = 2.5 eV; α = 4.1 eVÅ −1 is the linear electron-phonon coupling constant between sites i and j; and C + i and C i are the creation and annihilation operators for the π electron at site i, respectively. The two double summations apply to all the nearest neighboring pairs that are chemically bonded (figure 1). The dimensionless γ scales the hopping parameters as γ t 0 and √ γ α so that γ = 1 for all bonded C-X Table 1 . The aSSH parameters γ and ε and their fitting targets, the band gaps E g (N = 5) measured by UV-vis absorption spectra for PTh [24] , PPy [23] , PFu [22] , PPP [26] , and PPV [27] and the dimerization amplitudes b ββ−αβ = b ββ − b αβ for N = 1 computed by QCISD with the 6-31G + +(d, p) basis set. Polyacenes inherit the γ value from PPP. Two relevant conjugated systems are listed for comparison, in which benzene has γ = 1.16 fitted to the UV-vis absorption spectra [26] and graphene has γ = 1.12 taken from the widely accepted hopping integral t = γ t 0 = 2.8 eV [28] .
Fitting targets aSSH parameters figure 1(a) ) and all bonded pairs in the six-membered rings (figures 1(b) and (c)). The rest of the bonded C-C pairs have γ = 1. Such a choice of electron-phonon scaling ensures that λ = 2α 2 /π Kt 0 and K is unaltered for both C-C and C-X bonds, which keeps all of the π electrons on an equal footing. In the last term, ε denotes the density operator C + i C i strength so that ε > 0 attracts more electrons onto the heteroatom X sites ( figure 1(a) ) as compared to the C(H) reference where ε = 0. Without any heteroatoms, PPP and PPV of figure 1(b) and polyacenes of figure 1(c) require only one parameter γ .
The numeric values of {γ , ε} for PPy, PFu, and PTh in figure 1(a) can be uniquely determined by two independent sets of experimental or computational data. Reliable band gaps and dimerization amplitudes of short conjugated oligomers can be obtained from ultraviolet-visible (UV-vis) light absorption spectra and post-HF correlation methods, respectively. To avoid unnecessary confusion, we choose E g of PFu, PPy, and PTh oligomers of the same chain length N = 5 measured by the UV-vis spectra [22] [23] [24] and b ββ−αβ = b ββ − b αβ ( figure 1(a) ) of the corresponding monomers computed by the quadratic configuration interaction with single and double substitutions (QCISD). These fitting targets are summarized in table 1. Unlike the SSH Hamiltonian for t-PA in which E g = 2α b, the aSSH band gap may not predetermine its dimerization amplitude. For example, PPy has the largest E g = 3.38 eV while PFu has the largest b ββ−αβ = 0.081Å. Nevertheless, using the aSSH of (equation (1)), one can compute the band gap E g for N = 5 and the dimerization amplitude b ββ−αβ for N = 1 as functions of γ and ε. Their corresponding contour lines are plotted in figures 2(a) and (b), respectively. For each conducting polymer, the intersection of these two contour lines finds its optimal parameters {γ , ε}, marked by squares for PFu, triangles for PPy, and circles for PTh as shown in figure 2(c) . For example, the intersection of E g = 2.98 eV and b ββ−αβ = 0.067Å, which are the fitting targets for PTh, gives the optimized parameters [26, 27] . Exact values of the chosen targets and optimal parameters are summarized in table 1. {γ = 1.15, ε = 2.85 eV} for PTh. As shown in table 1, the electron-phonon scaling constant γ varies from 1.15 for PTh, 1.47 for PPy, to 1.83 for PFu, which ensures t CX = γ t 0 is of the same order of magnitude as t CC = t 0 . Moreover, the heteroatom on-site attraction strength ε decreases from PFu, PPy, to PTh, which is consistent with the trend in Pauling's electronegativity index, χ = 3.44, 3.04, and 2.58 for O, N, and S, respectively [25] .
For PPP and PPV of figure 1(b) , we compute the band gap E g as a function of γ for a few oligomers whose UV-vis absorption spectra were available [26, 27] . As shown in figure 2(d) , the PPP band gap E g scales linearly with γ over a broad range while the PPV band gap is highly non-linear for the entire region. Nevertheless, the electron-phonon scaling parameter γ clusters around 1.20 for PPP and 1.10 for PPV. Since the dimer in PPV ( figure 1(b) , m = 1) is likely [35] , and 6 and 7 by Payne et al [36] (squares). Our HF (diamonds) and DFT/Perdew-BurkeErnzerhof (PBE) (down-pointing triangles) data are computed using Gaussian 03 [37] with the 6-31 + +G(d, p) basis set; additional DFT data (down-pointing triangles) are adopted from Hutchison et al using the Perdew-Wang functional and double numeric basis sets [38] ; and the TDDFT (up-pointing triangles) data are taken from [39] [40] [41] using B3LYP/6-31G(d).
to perturb the electron-phonon coupling in aromatic rings slightly more than PPP ( figure 1(b) , m = 0), we choose the PPP parameter value γ = 1.20 eV for polyacenes. Both benzene and graphene have similar γ values to PPP (and polyacenes) and PPV. Explicitly, benzene has a scaled electron-phonon coupling constant γ = 1.16 when fitted to the UV-vis absorption spectra [26] , while directly taking the standard hopping integral of t = 2.8 eV for graphene [28] gives γ = 1.12.
The optimal aSSH parameters γ and ε summarized in table 1 are fully transferable in the sense that once chosen the same values will be used to compute other properties. A rigorous and practically important transferability test is to compute the energy band gap E g as a function of the polymer length N. Results are shown in figures 3(a)-(f), arranged according to the predicted E g (N → ∞), for PPP, PPy, PFu, PTh, PPV, and polyacenes, respectively. Consistent agreements between the aSSH results and published experimental measurements are found through the entire region of N for all these conducting polymers. In contrast, the band gap is significantly overestimated by HF and underestimated by DFT. Although the TDDFT results improve over DFT for short conducting oligomers, such as monomers and dimers, their deviations from the experimental results propagate as the polymer length N increases, inevitably reaching the ground-state DFT results in the larger N limit. Since polyacenes are not subject to the Peierls distortion and the consequential charge localizations ( figure 4(b) ), their TDDFT band gaps are significantly better than PPP, PPy, PFu, PTh, and PPV. As the aSSH data show, the relationship between the band gap and 1/N is highly non-linear; in fact, the band gap converges much faster than a linear relationship would allow. This means that the frequently assumed linear extrapolation using the band gaps of short oligomers [42] would underestimate the band gap in the large N limit. Instead, the extrapolated band gaps E g (N → ∞) decrease from 3.63 eV for PPP, 3.05 eV for PPy, 2.83 eV for PFu, 2.63 eV for PTh, and 2.55 eV for PPV to 0 eV for polyacenes.
Since self-localized charge carriers, solitons and polarons, in conducting polymers are determined by the Peierls band gaps of figure 3 through the complex band theory [19, 43] , the aSSH of (equation (1)) with the optimal parameters shown in table 1 is expected to accurately describe the band structures, polaron formation, localized linear phonons, infrared and Raman spectra, and other functional properties of these conducting polymers [20] . As an instructive example, the identical aSSH parameter γ = 1.20 correctly predicts distinct band structures and localization patterns shown in figures 4(a) and (b) for PPP and polyacenes, respectively. For PPP, the self-localized states such as P + shown in figure 4(a) cannot be obtained using the conventional tight-binding Hamiltonian with no explicit electron-phonon coupling terms [44] . For polyacenes, both the band structure and delocalized wavefunctions are consistent with the results found by Kivelson and Chapman using the original SSH parameters [45] .
In addition to the demonstrated accuracy over firstprinciples methods as shown in figures 3 and 4, the aSSH offers a significant reduction of computational costs. For a single-point electronic relaxation of the PPy monomer (N = 1), figure 5 shows that the aSSH is at least 10 4 times faster than first-principles DFT and ab initio HF methods and 10 6 times faster than TDDFT. The reduced computation costs increase as the system size increases; for an intermediate N = 10, factors of 10 8 and 10 10 are found. Since it only takes 0.1 s to perform a single-point energy calculation for a fairly large N = 10 2 and 20 min for N = 10 3 , the aSSH is expected to provide a computationally feasible scheme that can directly and accurately probe the electronic structures and dynamics in non-crystalline bulk conducting polymers, with straightforward implementations of the coupled bending and torsional degrees of freedom [48, 49] and the interchain hopping terms [50] .
As a summary, five commonly used conducting polymers, PTh, PPy, PFu, PPP and PPV, and polyacenes and graphene are modeled using a unified model Hamiltonian that contains a few desirable and distinct features. Firstly, the electron-phonon coupling effect, the most essential physics of conducting polymers, is faithfully inherited from the elegant SSH Hamiltonian. The newly introduced electron-phonon scaling factor for aromatic rings and on-site heterogeneous core Coulomb attraction sketch a simple physical picture that articulates the precise differences between t-PA and these conducting polymers. Secondly, the two physically simple parameters are fully transferable. Once determined, the same values can be used to compute all the remaining properties of the corresponding conducting polymers. Thirdly, the Hamiltonian accurately predicts the band gaps of conducting polymers and their oligomers of all lengths, with a significantly better performance than TDDFT, which is one of the most accurate first-principles methods. Lastly, the generic model Hamiltonian reduces the computational cost by many orders of magnitude as compared to existing first-principles methods.
